Perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) are persistent chemicals that may affect growth early in life. The authors estimated the associations between maternal plasma levels of PFOS and PFOA and infants' weight, length, and body mass index development during the first year of life. Fourteen hundred women were randomly selected from the Danish National Birth Cohort among those who provided blood samples early in pregnancy and gave birth to liveborn singletons between 1996 and 2002. Weight and length information at 5 and 12 months of age was available for 1,010 children. Multiple linear regression models were used for analyses, and maternal PFOS and PFOA concentrations (ng/mL) were inversely related to children's weight in the first year of life: adjusted regression coefficients: À1.1 g (95% confidence interval (CI): À4.6, 2.3) at 5 months and À5.8 g (95% CI: À10.4, À1.2) at 12 months for PFOS; À10.6 g (95% CI: À30.2, 8.9) at 5 months and À19.7 g (95% CI: À45.9, 6.5) at 12 months for PFOA. A similar pattern was observed for body mass index measurements, and no associations with length were found. After sex stratification, the inverse associations with weight and body mass index were more pronounced in boys, and no clear association was seen for girls. body mass index; body weight; growth; infant; prenatal exposure delayed effects
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During the last 50 years, the production of synthetic compounds, such as perfluorinated chemicals (PFCs), has increased dramatically because of their usefulness in industry and in consumer products. Perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) have been the most widely used PFCs. PFOS and PFOS-related compounds are widely used as water repellents and stain resistants and for lubricants and waxes (1, 2) . PFOA is primarily used as a surfactant and an emulsifier in the production of polytetrafluoroethylene, as well as fluoropolymers and fluoroelastomers. They are manmade compounds or can be formed from environmental and metabolic degradation of precursor compounds. These 2 compounds are essentially nonvolatile and diffuse into the immediate environment where they have been found in air, water, soil, and food samples (3) (4) (5) . They have been detected worldwide in wildlife and humans. They are readily absorbed by living species but poorly eliminated in human beings (4).
As both PFOS and PFOA cross the placental barrier (1), they are present in blood from almost all newborn babies (1, 6) . However, in spite of the widespread exposure to PFCs, there remain considerable individual differences in exposure levels (7) .
Fetuses are probably more vulnerable to a variety of environmental toxicants than older children and adults (8) . Prenatal exposure to PFCs has been associated with reduced birth weight in animals (2, 4, 9) , although with less consistency in humans (7) . Animal studies have showed that high doses of PFOS and PFOA administrated to dams were associated with postnatal growth impairment of their offspring in a dose-response manner (10) (11) (12) , even in the absence of exposure during lactation (12) . Furthermore, previous experimental studies have suggested various potential sexdifferential PFC exposures (13) (14) (15) (16) . However, it is not clear if PFCs impact early human postnatal growth.
In this study, we investigated if PFOS and PFOA, measured in maternal plasma in early pregnancy, were associated with children's weight, length, and body mass index at 5 months and at 12 months of age and whether the associations were different in boys and girls.
MATERIALS AND METHODS

Study population
The study was based on data from the Danish National Birth Cohort, where 91,827 women were enrolled during the years 1996-2002 (17, 18) .
Women were eventually recruited from all over Denmark in the beginning of pregnancy when they came to their first antenatal care visit to their general practitioner, and about 60% of those invited accepted the invitation. Two maternal blood samples were collected in the first and second trimester, respectively, and a blood sample from the child was retrieved from the umbilical cord at birth. The women also participated in 4 computer-assisted telephone interviews twice during pregnancy at approximately week 16 and week 30 (interview 1 and interview 2) and twice after birth at approximately 6 months and 18 months postpartum (interview 3 and interview 4).
As described previously (19, 20) , 1,400 mothers were randomly selected among all participants who gave birth to a liveborn singleton without congenital malformations (n ¼ 87,752), provided the first blood sample (n ¼ 80,678), and took part in all 4 telephone interviews (n ¼ 43,045). From the 1,400 women, plasma levels of PFOS and PFOA in the first blood sample were analyzed, and the previous study demonstrated that the PFC level measured early in pregnancy was a good indicator of exposure during pregnancy (19) .
For the present study, children of the 1,400 mothers were eligible if they had available information about weight and length measurements at 5 months of age (n ¼ 1,154 and n ¼ 1,147, respectively) or at 12 months of age (n ¼ 1,076 and n ¼ 1,075, respectively).
All participants provided written informed consent when they were enrolled in the cohort in early pregnancy. The Scientific Ethics Committee in Denmark, the Danish Data Protection Board, and the Danish National Birth Cohort Steering Committee approved the study.
Exposure variables and covariates
Plasma concentrations of PFOS and PFOA were measured by using high-performance liquid chromatography tandem mass spectrometry in the 3M Toxicology Laboratory (21) . The laboratory staff was blinded to any information about the subjects. All values of PFOS and PFOA were above the lower limit of quantification (1 ng/mL) at that time, except for 1 PFOA value that was assigned a value of half the lower limit of quantification. Further detailed information about extractions and analytical methods is presented elsewhere (19, 21) .
From interview 1, we obtained information about the mother's self-reported prepregnancy weight and height, which were used to calculate prepregnancy body mass index (weight (kg)/height (m) 2 ). Information about maternal age at conception, parity, smoking during pregnancy, and socioeconomic status defined by education and occupation was also available. In interview 3, the mothers were asked to report duration of breastfeeding. Information about birth weight and gestational age was obtained from the National Birth Register. The child's age was derived from the date on which the weight was measured and the child's birth date.
Outcome variables
In interview 4, the mothers were asked to report the weight and length of their child at 5 months and at 12 months of age, measured by the general practitioner and recorded in the child's book kept by the mother. In total, 1,010 children had all 4 anthropometric measurements. We used weight and length measurements to calculate body mass index at 5 months and at 12 months of age as kg/m 2 . The average age at measurements was 5.3 months (range, 3.0-7.0) and 12.6 months (range, 10.5-15.0), respectively.
Statistical analysis
Multiple linear regression analyses were used to study associations between maternal levels of PFOS or PFOA and weight of their children. Restricted cubic spline models were fitted to examine trends in data, but no regression coefficients deviated significantly from linear models (all values for P > 0.1); modeling was then done with exposure levels as continuous variables. We also reevaluated associations between exposure variables and birth weight. Sex-specific z scores for all outcome variables were calculated on the basis of internal reference values. Stratified analyses were further done for boys and girls separately to investigate possible sex differences.
The following covariates, chosen a priori, were included in the final models for weight, length, and body mass index at 5 months and at 12 months of age: maternal age; parity; prepregnancy body mass index; smoking during pregnancy (no smoking, quit smoking, 1-9 cigarettes/day, or !10 cigarettes/day); socioeconomic status (high, middle, or low); gestational week at blood drawing; duration of breastfeeding (0-13 weeks, 14-21 weeks, or !22 weeks); and the child's exact age at measurements. In the analyses for weight, length, or body mass index at both ages, birth weight, birth length, or birth body mass index was also included, respectively. In additional analyses for weight, length, or body mass index at 12 months of age, we also adjusted for weight, length, or body mass index at 5 months of age, respectively. All covariates were included as continuous variables, except smoking during pregnancy, socioeconomic status, and duration of breastfeeding.
In the analyses for birth weight, we included gestational age as linear and quadratic terms to capture the reduced weight gain during the last gestational weeks.
All statistical analyses were performed by using Intercooled STATA, version 9.0, software (StataCorp, College Station, Texas).
RESULTS
A description of the study population is given in Table 1 . Maternal levels of PFOS ranged from 6.4 to 106.7 ng/mL and of PFOA from less than the lower limit of quantification to 21.9 ng/mL. The median and interquartile levels of PFOS and PFOA were slightly lower for those without data on weight at 12 months-PFOS: median, 33.3 ng/mL (interquartile level, 17.1 vs. 33.8 and 17.5); PFOA: median, 5.1 ng/mL (interquartile level, 2.8 vs. 5.2 and 3.1) compared with those having data. One outlying high value of PFOA (41.5 ng/mL) significantly decreased the estimates for weight and body mass index and increased the estimates for height in the analyses for all children and for the boys. Therefore, this value was excluded from all analyses.
Almost half of the mothers were giving birth for the first time and breastfed their child for 14-21 weeks. Before pregnancy, 22% of the mothers were overweight (body mass index, 25-29.9 kg/m 2 ), and 8% were obese (body mass index, !30 kg/m 2 ) according to international standards (22) . Among the children (n ¼ 1,154), 2% had a birth weight of <2,500 g, and 4% were born preterm (<259 days).
PFOS was inversely associated with children's weight measurements at birth and during infancy, and the association was statistically significant at 12 months of age (Table 2) . This association remained after excluding birth weight or including weight at 5 months of age. There were consistent inverse associations between PFOA and weight at all assessed ages, but only the association with birth weight was statistically significant ( Table 2 ). The change in estimates between crude and adjusted results was mainly due to including maternal age and parity in the models. The same pattern of inverse associations was seen with body mass index at 5 months and at 12 months of age, where the association between PFOS and body mass index at 12 months of age was the only statistically significant estimate (Table 2) . Excluding body mass index at birth or including body mass index at 5 months of age in the adjusted analyses did not change the estimates notably. There were positive but nonsignificant associations between both exposure variables and length measurements during infancy (Table 2) .
Interaction analyses, adjusted for the same set of covariates as in the multiple linear regression analyses, showed that sex might modify the additive association between PFOA and weight at 5 months (P ¼ 0.02), body mass index at 5 months (P ¼ 0.01), weight at 12 months (P ¼ 0.04), and body mass index at 12 months of age (P ¼ 0.04). Therefore, all multiple regression analyses were also performed separately for boys and girls. Overall, weight and body mass index measurements in boys were inversely related to both PFOS and PFOA, with the adjusted associations for PFOS at 5 months of age being the only nonsignificant estimates (Table 3 ). In additional adjusted analyses for 5 months of age, where birth weight or birth body mass index was excluded, the estimates did not change markedly. However, in supplementary adjusted analyses for weight or body mass index at 12 months of age, the estimates significantly decreased when including weight or body mass index at 5 months of age, respectively, as expected if the effect decreases with age. For the girls, PFOS and PFOA were both inversely associated with weight at birth, but the associations with weight and body mass index disappeared after birth, and no clear pattern was observed at 5 and 12 months of age (Tables 3 and 4) . Overall, both boys and girls showed inverse associations between exposure variables and length during infancy, but none was statistically significant (Tables 3 and 4) .
We also analyzed data according to a longitudinal growth model and found that results were very similar to what is a Missing data on prepregnancy body mass index (n ¼ 24), birth weight (n ¼ 10), weight at 5 months (n ¼ 245), length at 5 months (n ¼ 252), body mass index at 5 months (n ¼ 253), weight at 12 months (n ¼ 323), length at 12 months (n ¼ 324), body mass index at 12 months (n ¼ 331), and socioeconomic status (n ¼ 2). presented in Tables 3 and 4 . The adjusted analyses for weight showed significant effect measure modification for gender and age. For boys, the adjusted regression coefficients of PFOS were À0.005 (95% confidence interval (CI): À0.011, 0.000) at 5 months and À0.008 (95% CI: À0.013, À0.002) at 12 months. For girls, they were 0.003 (95% CI: À0.002, 0.008) at 5 months and À0.002 (95% CI: À0.008, 0.003) at 12 months. For boys, the adjusted results of PFOA were 0.033 (95% CI: À0.064, À0.001) at 5 months and À0.031 (95% CI: À0.063, 0.001) at 12 months. For girls, similar results were 0.016 (95% CI: À0.013, 0.045) at 5 months and 0.003 (95% CI: À0.027, 0.033) at 12 months.
DISCUSSION
In this study, maternal plasma levels of PFOS and PFOA were inversely related to the children's weight and body mass index at 5 and 12 months of age in boys, even after adjustment for birth weight and body mass index at birth. Associations between prenatal exposure to PFCs and weight in girls were less consistent, with exposure to PFOS and PFOA associated with decreased weight at birth, but no apparent association was observed after that. Our findings suggested that associations between prenatal exposure to PFCs and anthropometric measurements may persist during infancy in boys. However, for a given weight or body mass index at 5 months of age, these associations diminished in the analyses for 12 months of age in the boys. The possible influence from prenatal exposure to PFCs may therefore weaken after the first months of life. The sex difference in fetal growth related to PFOS has also been reported, showing a decrease in birth weight in girls (13) . One study in mice did indicate different effects in males and females (14) . These authors showed that, up to postnatal day 22, an inverse association was found between prenatal exposure to PFOA and body weight in both genders, but after postnatal day 85, males recovered from the prenatal growth deficit * P < 0.05; **P < 0.01; ***P < 0.001 (P values are 2 sided). a Models for weight at 5 or 12 months included birth weight, models for length at 5 or 12 months included birth length, and models for body mass index at 5 or 12 months included birth body mass index. b One outlier was excluded from analyses. c The change in the offspring's weight (in grams), corresponding to 1-ng/mL increase in the maternal level of PFOS or PFOA. d The crude and adjusted model for birth weight includes gestational age as a linear and quadratic term. e Crude models were adjusted for the child's exact age at measurement. f Adjusted models included maternal age, parity, prepregnancy body mass index, smoking, socioeconomic status, gestational age at blood drawing, and breastfeeding.
whereas females continued to have a decreased body weight (14) . One possible explanation for effect measure modification by sex is the endocrine-disrupting potential of PFOS and PFOA. It has been shown that PFCs may have estrogenlike properties in some experimental models (15, 23, 24) , decreasing the level of testosterone and increasing the level of estradiol in male rats (16, 25) . However, sex hormones may play a minor role for growth at this stage, and disruption of thyroid hormones may be another mechanism. Toxicologic studies have reported that decreased total and free thyroid hormones in serum were observed in the animals with high doses of PFOS (10, 12) . PFOA was positively associated with triiodothyronine levels in occupationally exposed workers (26) and thyroid disease in the general population (27) . Similar to our study, the latter study showed that exposure to both PFOS and PFOA was associated with thyroid disease in male adults, but in female adults the association was observed only with higher exposure to PFOA (27) .
Evidence from animal studies has suggested that PFCs may interfere with lipid metabolism because of its ability to act as a peroxiome proliferators-activated receptor agonist (28, 29) . These receptor agonists are widely distributed in various mammalian tissues and play important roles in lipid and glucose metabolism, energy homeostasis, and adipocyte differentiation (30) . If PFCs bind to the peroxiome proliferators-activated receptor, it may induce enhanced transcription of peroxisomal fatty acyl-coenzyme A oxidase, thereby increasing the beta-oxidation of fatty acids and decreasing the level of serum lipids (28, 31) . Less is known about the biologic mechanisms involving these chemicals in the human body, but epidemiologic studies have consistently shown that PFOA and PFOS were positively associated with total and/or non-high-density-lipoprotein cholesterol (32) (33) (34) (35) (36) . Only one study found, however, no association between cord serum lipids and PFCs (37) , and the association between PFCs and fetal growth deficits was independent of lipid levels. * P < 0.05; **P < 0.01 (P values are 2 sided). a Models for weight at 5 or 12 months included birth weight, models for length at 5 or 12 months included birth length, and models for body mass index at 5 or 12 months included birth body mass index. b One outlier was excluded from analyses. c The change in the offspring's weight (in grams), corresponding to 1-ng/mL increase in the maternal level of PFOS or PFOA. d The crude and adjusted model for birth weight includes gestational age as a linear and quadratic term. e Crude models were adjusted for the child's exact age at measurement. f Adjusted models included maternal age, parity, prepregnancy body mass index, smoking, socioeconomic status, gestational age at blood drawing, and breastfeeding.
Most studies to date investigating the possible adverse effect of prenatal exposure to PFCs have reported only results on birth weight. Most of these studies, although not all (34, 38, 39) , found that PFOS (13, 37, 40, 41) and PFOA concentrations (19, 20, 37) were inversely related to birth weight, although not all found statistically significant associations, which is expected for small samples. Our population had slightly higher maternal plasma levels of PFOA and PFOS than some other pregnant populations (40, 42, 43) , which may indicate differences in time periods of blood drawings or laboratory techniques. There may also be geographic differences in exposure levels.
Factors not included in this study could affect the association between PFCs and the offspring's weight development, the most important being lack of postnatal exposure data. We have shown a strong correlation between prenatal maternal blood levels of PFOA and PFOS and concentrations in cord blood. We expect this correlation to alternate over time when other sources of exposure play a role. Lactation may affect the effect of prenatal exposure by transporting PFC to the child early in life, especially for those who are exclusively breastfed (42) , but inclusion of duration of breastfeeding did not produce noteworthy changes in the estimates. This is further supported by a study in rodents, where lactational exposure alone did not produce significant effects in the offspring, but prenatal PFOA exposure altered growth with effects persisting into the postnatal stage (14) . One human study also indicated no association between levels of PFOS and PFOA in breast milk and infant weight (44) , but the sample was very small (n ¼ 19). Because mothers and infants live in the same or similar environment, the postnatal exposure levels may correlate with Abbreviations: CI, confidence interval; PFOA, perfluorooctanoate; PFOS, perfluorooctanesulfonate. * P < 0.05 (P values are 2 sided). a Models for weight at 5 or 12 months included birth weight, models for length at 5 or 12 months included birth length, and models for body mass index at 5 or 12 months included birth body mass index. b One outlier was excluded from analyses. c The change in the offspring's weight (in grams), corresponding to 1-ng/mL increase in the maternal level of PFOS or PFOA. d The crude and adjusted model for birth weight includes gestational age as a linear and quadratic term. e Crude models were adjusted for the child's exact age at measurement. f Adjusted models included maternal age, parity, prepregnancy body mass index, smoking, socioeconomic status, gestational age at blood drawing, and breastfeeding.
prenatal exposure and provide reasonable estimates of postnatal exposure, but future studies should collect longitudinal data on the concentrations of PFCs in children, together with detailed growth measures. The study has several advantages. Data were from a welldescribed, nationwide cohort (17), and we used highstandard laboratory techniques to measure the values of PFOS and PFOA. Additionally, although the outcomes were based on self-reported information, the measurements were reliable because health professionals performed the measurements, and the general practitioners in Denmark follow a standard procedure. Furthermore, the mothers did not have to remember the values themselves but could just repeat them from the child's book. Any misclassification would most likely be nondifferential and bias the association toward the null.
In summary, our study suggests that prenatal exposure to PFOS and PFOA may be inversely associated with weight and body mass index in boys during infancy. Furthermore, length did not seem to be associated with prenatal PFC exposure.
